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Abstract 

Small ruby crystals were grown by the Czochralski technique in different atmospheres and their actual 
chromium content was analysed by a wet chemical method. The chromium distribution coefficient k was 
found to be strongly dependent on oxygen partial pressure po 2 . It ranges from k = 0.3 in a reducing 
atmosphere to k = 1.2 in a slightly oxidizing atmosphere and to a good approximation k depends linearly 
on logpo 2 - The experimental data are discussed on the basis of thermodynamic equilibrium calculations. 
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1. Introduction 



2. Experimental 



Various techniques have been used to grow 
ruby single crystals including the Czochralski [J- 
H|, Verneuil d, and other melt growth tech- 
niques @-[IH, the hydrothermal method FT"" 
high-temperature solution (flux) gro wth [1 




18j. However, 



and growth from the gas phase 
reports on chromium segregation are only rarely 
found in the literature and the values of the dis- 
tribution coefficient given by different groups vary 
in a wide range @, ET 



11, 1 



For the Czochral- 
ski and Verneuil techniques it was found [2j that 
the chromium distribution coefficient drastically 
changes with growth atmosphere, from less than 
1 in a virtually oxygen-free atmosphere to greater 
than 1 in an oxygen containing atmosphere. It is 
suggested that this effect is caused by changes in 
the chromium valence. 

This study aims to fill - at least partially - the 
gap in the quantitative description of the depen- 
dence of the chromium distribution coefficient on 
oxygen partial pressure for the technologically most 
important case of melt growth of ruby. 



1 Corresponding author, 
steffen.ganschow@ikz-berlin.de 



e-mail 



address: 



Small single crystals were grown by the Czochral- 
ski technique. 120 g of pre-melted AI2O3 granules 
(Spolchemie, purity better 4N) with small amounts 
of Cr203 (Alfa Aesar, 4N7) were melted in an in- 
ductively heated iridium crucible of 38 mm inner 
diameter. The total chromium content of the ini- 
tial melt was 0.54 ± 0.01 wt%. The crystals were 
grown on a- axis oriented AI2O3 seeds with a con- 
stant growth rate of 2.0 mm/h. After the growth 
was completed the crystals were extracted from the 
melt and cooled to room temperature in 9 hours. 
The experiments were carried out in different atmo- 
spheres yielding different oxygen partial pressures 
at the working temperature (i.e. melting temper- 
ature of AI2O3, cf. Table Q}. Small crystals with 
maximum diameter of 8 mm and masses not exceed- 
ing 2.5 g each, of circular to elliptical cross section 
and dark wine-red to pink color were obtained. 

Chemical element analysis was carried out us- 
ing an inductively coupled plasma optical emission 
spectrometer (ICP-OES) IRIS Intrepid HR Duo 
(Thermo Electron). The spectrometer was cali- 
brated with simple synthetic solution standards. 
Samples were ball-milled and analysed after mi- 
crowave digestion in a mixture of phosphoric and 
sulfuric acid at 250 °C. The relative standard devi- 
ations (RSD) for the analysis were of the order of 
2%. 
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Polarized transmission spectra were recorded us- 
ing a Perkin Elmer Lambda 19 spectrophotometer. 
The measured samples were ca. 0.4 mm thick slices 
cut perpendicular to the growth direction with both 
sides polished. The beam was polarized by a Glan- 
Taylor prism, and the transmitted light was de- 
tected by a photomultiplier inside an integrating 
sphere. The transmission spectra were corrected 
for reflection losses at the sample front and back 
surfaces. The wavelength-dependent reflection fac- 
tor was calculated from the Fresnel equations for 
the case of normal incidence using tabulated data 
for the refractive index of corundum [20] . From the 
obtained absorption coefficients at the maximum at 
400 nm and around 550 nm for both polarisation 
states the chromium concentration was calculated 



using the reported absorption cross-sections 21 [ . 



3. Results &: discussion 

Upon crystallization from a finite nutrient, seg- 
regation causes a continuous shift of melt composi- 
tion and therewith a compositional gradient in the 
growing crystal. If the crystallized fraction g of the 
melt is small then the concentration of solute in the 
melt does not deviate substantially from its initial 
value and the distribution coefficient k of the solute 

in this case chromium - can be simply calculated 
as 

_ [Cr]s 



[Cr] 



initial melt 



(i) 



where [Cr]s means the concentration (weight frac- 
tion) of chromium in the crystal. In Table [1] the 
measured chromium concentrations are listed along 
with the calculated chromium distribution coeffi- 
cient. In a slightly oxidizing atmosphere of N2 with 
10 vol% CO2 chromium is preferentially incorpo- 
rated into the growing crystal (k > 1). This obser- 
vation is consistent with the Al203-Cr203 phase 
diagram 0, Fig. 00309] comprising a significantly 
higher melting temperature of C^Oa, and with 
other experimental observations [H,[l9j]. In a moder- 
ately reducing atmosphere, like e.g. a diluted mix- 
ture of CO and CO2 in a volume ratio 4:1, segre- 
gation is reversed. Less chromium is incorporated 
than contained in the melt (fc < 1). This behav- 
ior conforms with the predicted reduction of the 
melting temperature of chromium oxide containing 
considerable amounts of suboxides [22], Fig. 00006] 
and with crystal growth experiments conducted in 
reducing atmosphere [Toj | . 



Notably, the chromium concentration determined 
by optical transmission spectroscopy is always lower 
than that determined by wet chemical analysis and 
the relative deviation is larger for low oxygen par- 
tial pressure. This result seems to be reasonable 
since at low oxygen partial pressure a larger fraction 
of chromium ions occurs in the +2 state that does 
not contribute to the two absorption bands used for 
the concentration measurement. ICP measurement 
is insensitive to the oxidation state and results in a 
more reliable measure for the total chromium con- 
centration and was therefore used for calculation of 
the distribution coefficient. 

Like other transition metals, chromium can take 
on various oxidation states depending on the am- 
bient oxygen partial pressure po 2 . The most com- 
mon oxide is chromium(III) oxide, Cr203. Its sta- 
bility field ranges over several orders of magnitude 
oxygen partial pressure from room temperature up 
to 2000 °C. At temperatures above 2000 °C other 
chromium oxides may emerge - chromium(IV) ox- 
ide Cr02 at high oxygen partial pressure and 
chromium(II) oxide CrO at low oxygen partial pres- 
sure. Chemical equilibrium between different ox- 
ides can be described by the reaction 



2CrO m/2 + 1/2 2 ^ 2CrO (m+1)/2 



(2) 



with m being the chromium valence. As long 
as oxygen is the only gaseous phase involved, i.e. 
as long as the vapour pressure of the condensed 
phases is low compared to the oxygen pressure, the 
predominance (Ellingham) diagram of the system 
(Fig. [T]), consisting of plots of the equilibrium oxy- 
gen fugacity versus temperature for reactions (|2"]). 
can be easily computed from tabulated thermody- 
namic data IH H3|. The dia gram area is divided 
into fields of predominance of a certain oxide, which 
is the oxide that will be formed because its forma- 
tion is associated with the reduction of Gibbs en- 
ergy of the system. 

In the experimental T-po 2 domain of the Al-Cr- 
O system the only stable aluminium oxide is AI2O3 
whereas four different chromium oxides, namely 
Cr02, Cr 2 03, CrO, and Cr 3 04, and chromium 
metal Cr may occur. At the melting temperature 
of AI2O3 (T* = 2053°C, vertical line in Fig. [TJ the 
range of oxygen partial pressure that stabilizes the 
trivalent chromium ion Cr 3+ is fairly wide and can 
be easily met in practical experiments. This fact ex- 
plains why ruby can be grown in reasonable quality 
without great care for the growth atmosphere. 
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Table 1: Atmospheres used in the growth experiments and 
resulting oxygen partial pressure po 2 at 2053 °C. Chromium 
concentration in the grown crystals determined by wet chem- 
ical analysis (ICP) and transmission spectroscopy (VIS). For 
the calculation of the distribution coefficient k the ICP re- 
sults were used. 
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Figure f : Calculated predominance diagram of the Cr-O sys- 
tem. The red dashed line stands for the melting temperature 
of AI2O3; the circles mark oxygen partial pressures applied 
in the experiments. 



If, however, the oxygen partial pressure is low, as 
it is the case for most "inert" atmospheres used to 
prevent the metallic crucible from oxidation, Cr 2+ 
may be formed. In the case that the amount of Cr 2+ 
ions becomes significant, crystallization cannot be 
explained by the Al 2 03-Cr 2 03 phase diagram that 
assumes only trivalent chromium. Instead, discus- 
sion must be extended to a system allowing also 
oxygen pressure to be variable. For the purpose of 
this study, the system Al 2 03-Cr 2 03-CrO seems to 
be appropriate unless po 2 is so low that Cr metal 
may be formed. 

Available thermodynamic data in the CrO- 
Cr 2 03-Al 2 03 system including those of liquid and 
solid solutions permit calculation of phase equilibria 
for arbitrary (T, po 2 ) conditions using numerical al- 
gorithms for Gibbs energy minimization 2^ I3- 13 • 
In particular, sections of constant oxygen fugacity 
may be computed (Fig. [5]) that allow one to esti- 
mate the chromium equilibrium distribution coeffi- 
cient k as the ratio of the solid and liquid Cr 2 C>3 
mole fraction, ko = xs/x~l, at a temperature cor- 
responding to xl ~ 0.05. It should be noted that 
these sections are not necessarily binary ones. In 
general the solid in equilibrium with a liquid of 
given composition will have a different oxygen fu- 
gacity and will therefore lie off the section. If these 
deviations are small this approximation will still be 
reasonable. 

The calculated dependence of ko on po 2 is shown 
in Fig. [21 In good quantitative agreement with the 
experimental results, fcrj > 1 for moderate oxygen 
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Figure 2: Calculated sections through the CrO-Cr203- 
AI2O3 system for different oxygen partial pressures po 2 ■ At 
low po 2 addition of chromium oxide to the AI2O3 melt low- 
ers melting temperature and consequently k < 1 (red dashed 
curve). In contrast, at high po 2 (blue solid curve) melting 
temperature is raised and k > 1. 



Figure 3: Chromium distribution coefficient versus oxygen 
partial pressure. The error bars indicate the estimated in- 
accuracy in logpo 2 f° r S 33 mixtures not containing any 
oxygen-bearing constituent for which oxygen partial pressure 
arises from residual impurities of the gases and/or moisture 
adsorbed e.g. at the chamber walls and insulation. 



pressure, and fco < 1 for very low oxygen pres- 
sure. Similar observation was made by Kvapil et 
al. Q. In their Czochralski grown crystals they 
found a distribution coefficient ranging between 0.2 
in a reducing atmosphere (Ar with 2% H2), and a 
maximum of 1.2 for a slightly oxidizing atmosphere 
(N 2 with 1...2% OQ). Quantitative comparison of 
the effective distribution coefficient obtained exper- 
imentally with the equilibrium distribution coeffi- 
cient derived from thermodynamics is possible be- 
cause according to the theory of Burton, Prim, and 
Slichter 2jj for the given growth conditions, i.e. low 
growth rate and assumed complete mixing in the 
liquid, the difference between both is negligible. 

Reversal of the segregation behavior occurs at 
po 2 » 1CT 4 bar. The point [T = 2050 °C; po 2 = 
10~ 4 bar] lies well inside the predominance region 
of Cr 2 03 (Fig. [1]). Therefore it can be assumed 
that under these (T,po 2 ) conditions chromium oc- 
curs almost exclusively as Cr 3+ that stabilizes the 
corundum structure (cf. the higher melting temper- 
atures of AI2O3 and C1-2O3) and is therefore pref- 
erentially incorporated into the growing crystal. If 
oxygen pressure is reduced below 10~ 4 bar, an in- 



2 In the original work a value of 0.01. ..0.02% is given. 
However, an admixture of a very few per cent oxygen to 
an inert gas is commonly used to achieve a slightly oxidizing 
atmosphere that prevents selected oxides, e.g. Ga203, from 
being reduced. Therefore we suppose that the correct value 
is 1...2%. 



creasing part of the chromium is reduced to Cr 2+ . 
The divalent ion is significantly larger than the Al 3+ 
host ion (for sixfold coordination r A1 3+ = 67.5 pm, 
r Cr 2+ = 87 pm [28]) and, when incorporated, would 
largely destabilize the corundum structure. It is 
therefore rejected from the interface and lowers 
the measured chromium distribution coefficient to 
a degree increasing with its concentration in the 
melt. The gradual concentration-dependent effect 
is also reflected by the monotonic shape of the 
ko vs. logpo 2 curve obtained in thermodynamic 
calculations. In this model the slope of the curve 
changes around logpo 2 = — 4, i.e. at the oxygen 
partial pressure for which segregation reverses. 

4. Conclusion 

The experimentally observed dependence of the 
chromium distribution coefficient on oxygen par- 
tial pressure can be reproduced by thermodynamic 
equilibrium calculations within the CrO-Cr203- 
AI2O3 system. A strongly reducing atmosphere in- 
creases the amount of Cr 2+ ions in the melt that, in 
turn, lower the melting temperature of solid solu- 
tions and the observed chromium distribution coef- 
ficient therein. Quantitative knowledge of this de- 
pendence allows identification of an oxygen partial 
pressure for which segregation will be practically 
eliminated. For ruby, this can be expected to oc- 
cur for po 2 « 10~ 4 bar. Melt growth in this pres- 
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sure range promises to yield crystals of homoge- 
neous chromium distribution. If necessary, subse- 
quent annealing in an appropriate atmosphere may 
be used to re-charge Cr 2+ ions. This procedure has 
the potential to be applied to other systems con- 
taining multivalent ions, e.g. transition metals but 
also some of the rare earths. 

The concept of the effective distribution coeffi- 
cient introduced by Burton, Prim, and Slichter [27| 
shows a way to affect solute distribution by ad- 
justing growth conditions, but there is an intrin- 
sic limitation. The value of the effective distribu- 
tion coefficient k always lies between that of the 
equilibrium distribution coefficient fco and unity, 
< |fc — 1| < |fco — 1|. In contrast, the current 
approach manipulates the type of species that are 
available in front of the growth interface. Upon 
incorporation, the diverse species may behave dif- 
ferently. In the case of ruby considered here, one 
species may be preferably incorporated (fco > 1) 
while another may be rejected by the preceding in- 
terface (ko < 1). This fact allows design of growth 
processes that overcome the limitations imposed on 
the effective distribution coefficient. The approach 
acts on the level of liquid-solid phase diagrams and 
is therefore relevant to all techniques using this 
phase transition, i.e. to all melt growth techniques. 
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